Abstract : The magnetic field of a recording head is measured by projection electron-beam tomography with a resolution of about ten nanometers, and the magnetic field closer to the sample surface than the measurement plane is estimated by numerical calculation. The magnetic field at 20 nm calculated from the field measured at 50 nm adequately agrees with the directly measured field at 20 nm. The combination of projection electron-beam tomography and this calculation method make it possible to determine the magnetic field close to a head (air-bearing) surface.
Introduction
The precise analysis of the recording field of magnetic heads and magnetic-recording media has become increasingly important in terms of achieving higher recording density in magnetic information storages. The magnetic-domain structures of both a magnetic-recording medium and a magnetic-recording head have been observed with the magnetic force microscope (MFM) and the spin-polarized scanning electron microscope (spin-SEM) with a nanometer-level resolution [1] - [3] . For perpendicular magnetic recording, however, it is insufficient to analyze the magnetic-recording head and medium separately because the magnetic field of the head and that of the medium strongly affect each other. It is therefore necessary to determine the magnetic field between the head and the medium even if they are face to face. Top-view observation methods such as MFM and spin-SEM cannot measure the magnetic field between the head and the medium. A number of methods using scanning electron microscopes (SEM) and scanning transmission electron microscopes have been developed [4] - [7] for observing or measuring the head field. In addition, the use of projection electron-beam tomography as an extension of electronbeam deflection (namely, a modified kind of transmission electron microscopy) has made it possible to measure magnetic fields at planes as close as a few tens of nanometers from an air-bearing surface with a 13-nm resolution [8] , [9] .
The principle of these methods is the detection of the deflection of an electron beam by the magnetic field. The electron beam passes above and in parallel to the air-bearing surface of the head; accordingly, there is the prospect of measuring the magnetic field between the head and the medium. However, with these methods, the measurement distance from the surface of the head or the medium is limited because the electron beam is not completely collimated. For example, if the length of the electron-beam path along the air-bearing surface is 10 μm and the aperture angle (parallelism) of the beam is 10 mrad, the beam must be positioned at more than 50 nm from the surfaces of the head and medium. A previously devised numericalcalculation method solves this problem [10] .
This "Fourier extrapolation" method was applied to severalten-micron-size heads with a 0.1-μm resolution using SEM [7] . However, it has not been applied to 0.5-micron-size heads with 10-nm resolution as handling such small size head fields with high resolution faces several issues.
In the present study, we show that the Fourier extrapolation method is applicable to the half-micron region. We first describe the principle of projection electron-beam tomography. Next we discuss the intrinsic error (what we call the "beamshift error"), which makes it difficult to achieve nanometer accuracy. Then we describe our method for handling noisy measurement results. Finally, we present and discuss the results of using Fourier extrapolation to measure the magnetic field of a half-micron-size hard-disk-drive head.
Principle
The principle of projection electron-beam tomography [8] , [9] is illustrated in Fig. 1 . An electron beam is transmitted through a thin film with a reference pattern and across the air-bearing surface of a magnetic head. Multiple defocused images, each with a different distortion, are captured and stored. These images are used to derive the beam-deflection angles at multiple points.
The magnetic-field component perpendicular to the direction of the electron beam deflects the beam. This deflection depends on the integrated value of the magnetic field. The actual magnetic field is determined by rotating the head in steps of several degrees, and the image data is repeatedly acquired at angles from zero to 180
• . The actual magnetic field is reconstructed from these data by tomography.
Fourier extrapolation makes it possible to determine the magnetic field on a plane at an arbitrary distance from an air-bearing surface by using the field measured on a plane at another distance [10] . The magnetic field in the x direction (Hx) satisfies the Laplace equation, as do the magnetic fields in the y direction (Hy) and z direction (Hz). Here, Hx is zero at an infinite distance from the air-bearing surface. The solution of this equation under the boundary conditions is obtained as follows. Let F(k x , k y ) be the Fourier transform of Hx(x, y, z 0 ) such that
Hx at an arbitrary distance (any z) is given by
Hx(x, y, z)
Equation (2) is used to calculate the magnetic field at a plane any distance from the air-bearing surface. It was validated using a simulated magnetic field without noise [10] .
Beam-Shift Error
Strictly speaking, there is an inconsistent assumption in the principle of electron-beam tomography described above. That is, an electron beam is deflected in the magnetic field by the magnetic fields, so the electron path is not straight. To determine the magnetic-field distribution by computed tomography, the deflection data are considered the integration of the magnetic fields along a straight beam path on the same plane. This assumption leads to an intrinsic error in the field measured by computed tomography and the field calculated by Fourier extrapolation.
In this section, we discuss this "beam-shift error." We suppose a measurement of a sub-micron-size model head with a 500-nm track width, 1-μm gap depth, and 0.1-T peak Hx at the center of the gap on the air-bearing surface. The measurement area is defined as 5-μm square, and the head is positioned at the center of the measurement area.
The beam deflection by the magnetic field is calculated under the assumption that the electron beam passes above the airbearing surface and parallel to the head gap at 10 nm (defined as the z-direction.). As a result, the beam shift (which is the difference between the x-or z-position of the beam entering the measurement area and the x-or z-position of the beam leaving the measurement area) is less than 0.4 nm, as shown in Fig. 2 . This shift is much smaller than the 10-nm resolution of the projection electron-beam tomography and smaller than distance between the head and media.
To confirm whether the 0.4-nm beam shift can be neglected in this measurement, we calculated two cases of beam deflection by a magnetic field. In one case, the actual electron-beam path is calculated from the x, y, and z directions. In the other case, it is supposed that the beam goes straight, and the deflection angle is calculated by integrating the kinetic momentum perpendicular to the magnetic field along the straight path of the beam (with the assumption). This case is the premise upon which the beam shift can be neglected.
Both cases agree well, within 0.1%, as shown in Fig. 3 . This means that the assumption in the principle of the electron-beam tomography is inconsistent in the strict sense, but it is not a problem in regards to the measurement of magnetic fields with such small dimensions. 
Handling Magnetic Fields with Noise
Measured fields invariably include noise. Projection electron-beam tomography measurement of half-micron size heads in particular has more noise than SEM measurement for several-ten-micron-size heads because the sample size and beam deflection by the magnetic field are smaller. The projection electron-beam-tomography measurement result is shown in Fig. 4 . Views from two different directions are shown in each figure. As shown in the figures, there were artifacts that looked like radial ridges. They were caused by measurement instability and a coarse rotation step at the foot of the measurement fields. Each artifact accounted for about 15% of the peak field intensity. Since Fourier extrapolation is sensitive to artifacts, before the extrapolation processing, the measurement results were averaged in the theta directions for polar coordinates over 4.5
• to reduce them. This averaging method is suitable for this measurement because the actual fine-field structure was not changed at the inmost part of the measured area, but the large radial artifacts were reduced at the outer edges of the measured area. After the averaging, each artifact was about 10% of the peak field intensity. High-frequency noise should also be reduced because it is substantially increased by Fourier extrapolation. The procedure developed by Shinada and Suzuki [10] was used in the present study. In this procedure, the noise spectrum is obtained by sampling the data for regions where the field intensity is less than 1% of the peak intensity. The spectrum components that are smaller than the maximum absolute value of the noise spectrum, as well as isolated non-zero spectrum components, are then set to zero.
We validated this procedure, in the same manner as Shinada and Suzuki [10] ,by superimposing quasi-random noise on the calculated field to estimate the error in the field calculated by Fourier extrapolation. However, in the present study, dimensionless calculation was used for every measurement. Figure 5 is a contour map showing the maximum errors, that is, the ratios of the field difference between without noise and with noise to the peak field intensity. The vertical axis is the noise of the measurement field. The horizontal axis is the dimensionless distance between the plane of the calculated field and the plane of the measured field. The dimensionless distance means the ratio of the actual distance to the pixel size used in the calculation. For example, when the field on the surface (z = 0 nm) is calculated from the field measured at the plane 20 nm (z = 20 nm) from the surface and the measured pixel size is 10 nm, the dimensionless distance is 2. As shown in Fig. 5 , the maximum error is about 10% for a measurement field with 8% noise.
Results
Fourier extrapolation was used to measure the magnetic field of a half-micron-size hard-disk-drive head. The poles of the head were made of permalloy, the track width was 320 nm, the gap length was 70 nm, and the gap depth was 60 nm. The magnetic fields were measured at planes 20, 50, and 100 nm from the air-bearing surface by projection electron-beam tomography [8] . The measured area was 6.6 × 6.6 μm, deflection data was recorded at 501 sampling points (pixel size was therefore 13×13 nm), and the head was rotated in 3
• steps. The measurement setup consisted of a TEM (Hitachi H-7100, acceleration voltage 50 kV) that had been modified as described elsewhere [8] . The measurement results for 20 and 50 nm are shown in Figs. 4 and 6 . The field directly measured at 50 nm (Fig. 6 ) was averaged in the theta directions for polar coordinates over 4.5
• . Then, the Hx at 20 nm from the air-bearing surface (Fig. 7) was calculated by Fourier extrapolation from the averaged field directly measured at 50 nm. Each calculated Hx is similar to the corresponding directly measured one (Fig. 4) . The differences between the measured and calculated Hx values were quantitatively evaluated by analyzing cross sections in the track-width and head-running directions (Fig. 8) , each including the center of the head gap. The peak intensity of the field and half width of the field distribution at 20 nm calculated from the field measured at 50 nm agrees with the peak intensity of the field measured at 20 nm. However, the calculated and measured fields disagree at their tails and feet; that is, the maximum difference between the calculated and measured fields was about 13%. On the other hand, from the measurement field for which the artifact accounted for about 15% without averaging in the theta direction, the maximum error was about 16% (not shown in figures). These errors agree approximately with those in Fig. 5 , which shows that, when the dimensionless distance is 2.3, the maximum error is 12% at 10% noise and 15% at 15% noise.
Using Fourier extrapolation, we calculated Hx at 10 and 5 nm above the air-bearing surface and on the air-bearing surface from the field directly measured at 20 nm above the air-bearing surface. Figure 9 shows Hx on the air-bearing surface. The peak field intensity was higher, and the shape of the Hx profile was sharper than Hx at 20 nm. The peak intensities and half widths of the fields are plotted against their distance from the air-bearing surface in Fig. 10 . The peak field intensities and half widths of directly measured fields at 20, 50, and 100 nm are also plotted. The field intensity increased and the half width of the field decreased with decreasing distance from the air-bearing surface.
Discussion
We showed adequate agreement of the magnetic field at 20 nm from the surface between Fourier extrapolation and direct measurement. Moreover, Fourier extrapolation was previously validated using a simulated magnetic field. Therefore, Fourier extrapolation is applicable to distances at which direct measurement is not applicable with the spatial resolution of original measurement data. Although we used a longitudinal recording head, it is also possible to measure the magnetic field at a distance of several tens of nanometers from the sample surface between a face-to-face perpendicular magnetic recording head and magnetic medium several tens of nanometers apart because the electron-beam shift is less than one nm in such cases. However, the Fourier extrapolation has to be modified because the boundary condition in the face-to-face case is different from that in the non face-to-face (open-end) case discussed in this paper.
Conclusion
To estimate the magnetic field closer to the sample surface than the measurement plane, Fourier extrapolation was applied to half-micron-size heads with 10-nm resolution by using projection electron-beam tomography. This required addressing two issues related to handling such small-size head fields with high resolution. First, since the beam-shift error was much less than the measurement resolution (∼10 nm), it could be neglected in the projection electron-beam tomography used to measure the sub-micron-size head field. Second, a method was devised for handling the noisy measurement results that would interfere with the application of Fourier extrapolation to measurement results with about 10-nm resolution.
